The performance of large-scale semiconductor detector systems is assessed with respect to their theoretical potential and to the practical l imitations imposed by processing techniques, readout electronics and radiation damage. In addition to devices Which detect reaction products directly, the analysis includes photodetectors for scintillator arrays. Beyond present technology we also examine currently evolving structures and techniques which show potential for producing practical devices in the foreseeable future.
Introduction
The next generation of high-energy particle accelerators will pose great challenges in detector design. Especially the Superconducting Super Collider (SSC), now in its initial design phase, will require significant departures from conventional detector design to provide the event rate capability and granularity needed to exploit the unprecedented capabilities of this new machine.
The use of semiconductor detectors has been proposed as a solution to some of these problems. Collection times in these devices can be in the range of nanoseconds and position resolution of several microns seems to be possible. Furthermore, VLSI technology offers the feasibility of integrating thousands of detector elements on a chip together with their associated readout electronics. These prospects have prompted a considerable amount of attention to semiconductor detectors in the high-energy physics community, especially in the areas of CCD's and strip detectors for high resolution vertex determination [1] [2] [3] [4] [5] [6] [7] [8] [9] .
Nevertheless, many questions remain to be answered and a multitude of problems needs to be solved before we can state that large-scale semiconductor detectors are not just a promising possibility, but in fact practical devices that can be designed and operated in a highenergy physics environment.
Detector Basics Figure 1 shows the cross section of a typical multielement detector. The electrode segments at the bottom of the structure represent either strips or individual pixels. As a charged particle traverses the detector a sheath of electrons and holes will form around its track. The diameter of this sheath is determined by the energy distribution of the delta electrons formed in the energy loss process and is not known with any reasonable accuracy. However, for minimum ionizing particles it is probably less than one micron. The number of electron-hole pairs formed along the track of a minimum ionizing particle is about 80 per micron [10] . As electrons and holes drift towards the positive and negative electrode, respectively, they diffuse outwards, thus increasing the diameter of the charge sheath by xa (1) where D is the diffusion coefficient for electrons or holes and t is the respective drift time.
If the applied bias voltage is insufficient to fully deplete the detector of mobile charge, the resulting field is as shown in Fig. 2a . The field vanishes at the depletion edge farthest from the junction, leading to long collection times. Furthermore, charge will tend to bunch up in this region, leading to increased transverse diffusion. This situation can be avoided by applying bias in excess of the depletion voltage as shown in Fig. 2b . The collection times can now be estimated by assuming an average uniform field throughout the detector. For silicon detectors we obtain tcn = 7
[ns]
for electrons, and
for holes, where the detector thickness d is expressed in microns and the electric field in V/cm. These expressions are valid in the regime where the mobility remains constant, i.e. E < 104 V/cm. For example, a field of 5 x 103 V/cm and a detector thickness of d = 300 um result in collection times of tcn = 4.4 ns and tcp = 13 ns for electrons and holes, respectively.
Since the diffusion coefficient is proportional to mobility, whereas the drift time is inversely proportional to it, the resulting transverse diffusion is the same for both electrons and holes:
0018-9499/85/0002-0419$01.00 ©1985 IEEE a = 234i7 [pjmj (4) where the detector thickness is expressed in microns and the electric field is given in units of V/cm. Again, for simplicity, the electric field is assumed to be constant throughout the detec tor. In a CCD detector array tne thickness of the depletion region is of the order of 10 pm. Therefore, Electronic noise is determined by the equivalent spectral noise density at the input of the system and by the subsequent pulse shaping, which defines the noise bandwidth. For this discussion we shall assume a simple RC-CR shaper, i.e. one formed by a single integrator and differentiator. These results can easily be extended to more complex passive and time variant (e.g. gated integrator) schernes [13, 14] . It should be emphasized that the shape of the pulse measured at the input of the ADC is not necessarily indicative of the time constants that determine the noise bandwidth of the system. The pulse decay caused by the input time constant of a current sensitive preamplifier, for example, does not reflect the suppression of low frequency noise.
The optimum signal-to-noise ratio in a RC-CR shaper is obtained for equal integration Knowledge of the detector capacitance is required to evaluate the last term in Eq. 6. In addition to the capacitance of an electrode to ground, we must also consider its capacitance to the neighboring electrodes, since the associated preamplifier inputs present a low impedance to ground to reduce cross coupling (Fig. 3) . In an arrangement where the strip geometry is small compared to the thickness of the detector the capacitance is dominated by the strip-to-strip capacitance and is affected only little by the thickness of the detector. Signal-to-noise ratio therefore scales linearly with detector thickness, i. [4, 5] . CCD operation has been demonstrated at pixel transfer rates in excess of 50 MHz [19] , but the readout time of a 380 x 488 pixel array still exceeds 4 ms. Amplitude measurement is a problem at these high readout rates, since this requires extremely clean recovery from clock and reset transients.
Linear CCD arrays could be used to read out strip detectors. Readout time might be restricted by using several CCD's, each reading out a subset of the strips. This scheme has the problem of severe capacitive mismatch between the CCD and the detector, so that only a fraction 1/(1 + CD/CCCD) of the signal charge is transferred from the detector to the CCD. Typical values are CCCD = 0.01 pF and CD = 5 pF, leading to a transfer efficiency of 0.2%. Even an optimally matched arrangement invokes a degradation of signal-to-noise ratio by a factor of two. This penalty can be circumvented in a bipolar transistor CCD [20] , where the detector charge is drained into the low input impedance of a common base transistor stage. The discharge time constant is limited, however, by the maximum allowable emitter current commensurate with negligible charging of the detector capacitance, i.e. fluctuations in the number of stored charge carriers between readout cycles.
An alternative approach to detector readout is an input multiplexer. Here, the signal charge is stored on the detector capacitance until its associated input stage is activated. One implementation of this is the gated charge sensitive preamplifier IC designed at the Stanford Integrated Circuits Laboratory [21] . This device is to be used in the proposed silicon strip vertex detector for DELPHI.
A very attractive approach is the two-dimensional multiplexer described by Gaalema [22] . Here a checkerboard array of detector elements is bonded by indium bumps to the readout chip. Since this is a random access array, a coarse position determination can be performed by an auxiliary detector (or possibly by segmenting the opposite face of the detector) and only the relevant pixels have to be read out. Due to the low capacitance of a pixel as compared to a strip, a noise level of 40 electrons has been demonstrated and Qn = 10 electrons should be possible. To a certain extent, position resolution in these devices is limited by the area required by each readout cell, although interpolation could provide better position resolution than the cell size, which is limited to about 25 pm by present technology.
The CCD and multiplexer readouts described above are hybrids, i.e. the detector and the readout electronics are located on separate chips and must be connected by some ingenious means, either by intricately arranged bonding wires, as in the proposed DELPHI vertex detector, or by the indium bump method. Is it possible to avoid these difficulties by integrating front-end and readout circuitry directly on the detector chip? Kemmer [23, 24] [25] . Here the number of electronics channels required is significantly reduced over strip or multi-pixel detectors. Furthermore, its low capacitance simplifies the task of achieving low noise. However, questions of carrier trapping in low field regions in these devices still remain to be answered [26] . [27] . If we assume a radiation hardness of 1014 particles, the lifetime of the readout logic at 1 cm radius would be one month. We should expect analog circuitry to suffer severe deterioration in a much shorter time.
Whereas radiation damage in MOS structures is primarily caused by charge buildup due to ionization processes in the oxide, the lifetime of junction FET's is limited by the degree of displacement damage in the bulk. Thus, they are more affected by heavy particles, e.g. protons and neutrons. The isolation technique used in integrated JFET structures tends to limit radiation hardness; nevertheless, neutron radiation hardness of 108 rad has been demonstrated [28] . Clearly, JFET readout technology should be pursued, but it should be noted that its success hinges on the effectiveness of low temperature annealing and activation processes. [29] , possibly in situ.
Additional research is certainly necessary in this area, and it may turn out not to be a problem at all.
Alternative Detectors
In the preceding discussion we have treated detectors that respond directly to traversing particles. However, there is another class of semiconductor detectors which may well have a much greater impact on high energy physics detectors: photodiodes to detect scintillation light.
Fibers of scintillating glass can be drawn to diameters of a few microns and have been suggested as an alternative for vertex detectors [30] . The light from these fibers could be "piped" to arrays of photodiodes, which would be far enough removed fromi the interaction region to greatly extend their lifetime. Scintillating glasses can be quite radiation hard and good performance at doses in excess of 107 rad has been demonstrated [30] . Light absorption is still a problem in these fibers and additional research may be fruitful.
Photodiode readout should also be useful in fast, fine-grained calorimeters using high-density scintillators. BaF2 has recently caused considerable excitement due to its 800 ps decay component at 220 nm [31] . However, the more intense 310 nm emission has a decay time of 620 ns and limits the rate capability. CsF has only one emission component at 390 nm with an overall decay time of about 5 ns [32] . Its density is 4.1 g/cm3 and the light output is about 5% as compared to NaI(Tl). A 1 cm thick CsF crystal coupled to a photodiode with 60% quantum efficiency would yield about 8000 photoelectrons. If the photodiode has an area of 1 x 1 cm2 and a thickness of 300 mm (C = 35 pF) the electronic noise is about 2000 electrons at a shaping time of 10 ns. The signal-to-noise ratio of four is marginal, especially since light losses have been neglected in this estimate. Clearly, the choice of geometry will greatly affect the obtainable signal-to-noise ratio, but this example does illustrate that a moderate amount of internal gain in the photodiode could provide the "headroom" requireo in a practical system.
Large-area photodiodes--or arrdys of photodiodes--are notoriously difficult to fabricate with good gain uniformity over the detector area. However, as will be shown below, these problems are severely exacerbated at high gains. If the gain is restricted to roughly ten, careful application of current processing technology should provide avalanche photodiodes of several cm diameter with reasonable yields.
The optimum structure for an avalanche photodiode (APD) having a response time of 5 -10 nanoseconds is the reach-through structure shown schematically in Fig. 4 [33] . Photons impinging on the p+ contact are absorbed in a very shallow layer, typically not more than a few hundred nanometers thick for scintillation light. The primary electrons drift to the localized high field region established by the internal p layer. Here secondary electrons and holes are created by impact ionization. The secondary holes drift through the low field region to the p+ contact and contribute the major portion of the total induced charge. This structure has several advantages over other types of APD's: o Only those primary carriers with the higher ioniza--tion coefficient are transferred to the avalanche region. This is essential for low avalanche noise and good stability. Figure 5 shows the doping profile in the avalanche region of a fully implanted reach-through APD as calculated by the process simulation code SUPREM III [35] . Figure 6 There is a wide range of applications for semiconductor photodiodes with moderate gain. These would provide much greater geometrical flexibility than photomultiplier tubes and would also be unaffected by high magnetic fields. We believe that the fully implanted structure described above could be fabricated with sufficiently high yields for large-scale detector systems. This will require a significantly higher degree of control over processing steps than is customary in commercial device fabrication, but this can be achieved.
We have discussed the potential and the problems of semiconductor devices for large-scale detector systems in high-energy physics. The problems which need to be solved have been identified. The questions which need to be answered in order to establish whether these systemns can be viable are well defined and could be answered in the near future. Although the talented amateur can contribute in this area, it will take the combined efforts of materials scientists, device physicists, process engineers, systems designers, and experimentalists to solve the problems on the path towards a useful detector system. 
